Introduction
Because of the ultimate scaling limits of the complementary metal-oxide-semiconductor (CMOS) technologies, germanium (Ge) has recently attracted considerable attention as a channel material of metal-oxide-semiconductor field-effect-transistors (MOSFETs) instead of silicon (Si). Although many technologies for realizing Ge-channel MOSFETs have so far been researched and made progress to continue the development of CMOS technologies, [1] [2] [3] [4] [5] [6] [7] there still remains the critical limitation for the channel length because of their lateral device structures. A vertical-type Ge-channel MOSFET with metallic source/drain electrodes has a possibility to dramatically improve device performance compared to a conventional lateral MOSFET structure in terms of operation velocity, short channel length, integration degree, and so on. Also, if the metallic source/drain electrodes are ferromagnets, we can expect a realization of spin-based Ge-MOSFET with the vertical structures. To realize such devices, we have focused on one of ferromagnetic silicides, Fe 3 Si, as a metallic material and a template for Ge growth in this study. Figure 1 (a) illustrates the crystal structure of Ge and the ideal (D0 3 -ordered) Fe 3 Si, which are diamond and bcc structures, respectively. The lattice mismatch between Ge (~0.565 nm) and Fe 3 Si (~0.565 nm) is almost zero and the atomic arrangement at the (111) plane is well matched [ Fig. 1(b) ]. [8] By utilizing such structural characteristics, we have already demonstrated two-dimensional epitaxial growth of Fe 3 Si films on Ge(111) with atomically flat heterointerfaces by using molecular beam epitaxy (MBE) techniques. [8] Recently, electrical creation of spin accumulation in n-Ge was demonstrated through Fe 3 Si/n + -Ge Schottky tunnel contacts. [9] If the surface of the grown Fe 3 Si is atomically flat, we can expect a good condition for the growth of Ge on the top of it.
In this study, we demonstrate the crystal growth of high-quality Ge films on a top of the Fe 3 Si electrodes by using MBE techniques.
Experiment details
A detailed fabrication process of the Fe 3 Si/Ge(111) is described in our previous works. [8] Considering the top of the Fe 3 Si/Ge(111) structure, we explore the epitaxial growth of Ge films. In-situ reflection high-energy electron diffraction (RHEED) pattern of the grown Fe 3 Si layer clearly showed the symmetrical streaks, indicating good two-dimensional epitaxial growth [ Fig. 2(b) ]. Subsequently, Ge films with a thickness of ~100 nm were grown on the Fe 3 Si with raising the growth temperature from 200 to 400 o C. [10] As a result, the RHEED pattern of the surface of the Ge layer indicates the three-dimensional growth [ Fig. 2(a) ; see-arrows]. Since the ideal Fe 3 Si has a periodical structure consisting of three Fe layers and one Si layer, the top of the Fe 3 Si should have an Fe or a Si layer. [8] However, the actual top layer of the grown Fe 3 Si probably consists of the mixed layer with Fe and Si (non-terminated surface) because of some disorder [see-left lower in Fig. 2] . [8] Although an atomically smooth surface for the top of the actual Fe 3 Si was guaranteed, the three-dimensional growth of Ge films could not be prevented.
To clarify the influence of the atomic arrangements of the top layer of the grown Fe 3 Si on the Ge growth, we artificially controlled Si(111) or Fe(111) layers on the top of the disordered surface of the grown Fe 3 Si by precisely controlling the evaporation of Si or Fe. As a result, the RHEED patterns of the Fe 3 Si surface terminated with a few Si or Fe layers still show streaks as shown in Figs. 2(d) and 2(f) , respectively. Then, Ge layers were grown on the top of the Si-or Fe-terminated Fe 3 Si. Surprisingly, for a Si-terminated sample, we can see the clear streak patterns [ Fig. 2(c)] , indicating a marked effect of the Si termination. On the contrary, for an Fe-terminated sample, we cannot improve the quality of the Ge layer [ Fig. 2(e); see-arrows] . These results mean that the Si termination on Fe 3 Si is essential to demonstrate two-dimensional epitaxial growth of Ge films on the Fe 3 Si.
To examine the structural characteristics of the grown Ge films, we measured cross-sectional transmission electron micrographs (TEM). In Fig. 3(a) a high-quality Ge layer is formed uniformly on Fe 3 Si/Ge(111). Surprisingly, the lattice image of the grown Ge layer is very clear. A high-resolution TEM image of Ge/Fe 3 Si junction clearly shows an atomically flat heterointerface even near the Ge/Fe 3 Si interface [ Fig. 3(b) ]. It is just as the artificially controlled heteroepitaxy of the next-generation semiconductor, Ge. For an Fe-terminated sample, on the other hand, there are lots of stacking faults in the Ge layers on the surface of the grown on Fe 3 Si. We also confirmed the presence of amorphous phases near the interface between Ge and the Fe-terminated Fe 3 Si. Note that the stacking faults in the Ge layer occurred at the position near the amorphous phases. These results indicated that the atomic arrangements strongly affect the crystallization of Ge layers and the Si termination on the Fe 3 Si(111) surface is essential to obtain high-quality Ge films on the metallic Fe 3 Si.
Conclusions
We have demonstrated high-quality epitaxial growth of Ge layers on a ferromagnetic silicide, Fe 3 Si. Using molecular beam epitaxy techniques, we obtained artificially controlled Si termination layers on the Fe 3 Si(111) surface. The Si-terminated Fe 3 Si(111) surface enabled us to grow single-crystalline Ge layers even on the top of the metal. As a result, the Ge/metal/Ge trilayer structure with atomically smooth heterointerfaces was achieved. This study will open a new way for spin-based Ge-MOSFET with the vertical heterostructures. 
